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An error investigation is made for the rawinsonde evaluation
program presented in MTP-AERO-62-41. Standard deviations and
root-mean-square errors are considered synonymous, and the errors
are considered to be normally distributed.

‘This paper assumes rms errors for each of the five basic
rawinsonde-measured atmospheric parameters, determined on the
basis of available previous studies. The manner in which these errors
propagate errors in the evaluation equations is examined. A computer
procedure is used to approximate the partial derivatives necessary,
utilizing the original evaluation program.

Selected thermodynamic and wind quantities computed from
rawinsondes released near launch time for Saturn SA-1 and Saturn
SA-2 are presented graphically with their corresponding rms errors,
and a brief discussion is given of the variation between angle-of-attack
and rawinsonde-measured wind evaluations.

Within the limits of the accuracy of the assumed errors in the
basic variables and the necessity for computer approximations, rms
error values computed by the procedures in this paper give an indica-
tion of the nature and magnitude of errors in rawinsondeé evaluations.
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Symbol
f(x)

F(x, vy,

DEFINITION OF SYMBOLS*
Definition
Function dependent on one variable x
Function dependent on one or more variables X, Y,
Change (error or increment) in the variable x
Change (error or increment) in the value of f(x)

Standard deviation (root-mean-square error) of the
variable x

Standard deviation (root-mean-square error) of the
function F(x, y, ...)

Derivative of f(x) with respect to x

Partial derivative of F(x, y, ...) (with respect only
to x)

Elevation angle (between plane tangent to earth and
line of sight) (degrees)

Azimuth angle (between projection of line of sight in
plane tangent to earth and true north) (degrees)

Pressure (mb)

Relative humidity (%)

Root-mean-square (error); used synonymously with
standard deviation, the necessary assumptions for

such usage being made

Coefficient of correlation

ﬁ*?ywnbols and subscripts used only in Tables IV and V are defined
therein, using same notation as Ref. 3.
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Symbol Definition
t Temperature (°C)
~ Is approximately equal to
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GEORGE C, MARSHALL SPACE FLIGHT CENTER

MTP-AERO-62- 82

ROOT-MEAN-SQUARE ERROR ANALYSIS FOR EQUATIONS IN
RAWINSONDE EVALUATION PROGRAM

by Bettye Anne Case

SUMMARY

An error investigation is made for the rawinsonde evaluation
program in current use at Marshall Space Flight Center (Ref. 3). The
errors are considered to be normally distributed; standard deviations
and root-mean-square errors are considered synonymous.

This paper assumes rms errors for each of the five basic
rawinsonde-measured atmospheric parameters on the basis of
studies. The manner in which these errors propagate errors in the
evaluation equations is examined. A computer procedure is used to
approximate the partial derivatives necessary in the error determina-
tion. This procedure utilizes the original evaluation program,

Values in the original evaluation program are based on smoothed
position coordinates. Therefore, some of the small-scale variations
occurring in unsmoothed rms errors are eliminated through use of
five-point running means.

Selected thermodynamic and wind quantities computed from
rawinsonde measurements made in support of Saturn SA-1 and Saturn
SA-2 flight tests are presented graphically with corresponding rms
errors, together with a brief discussion of the variation between
angle-of-attack and rawinsonde-measured wind evaluations.

Within the limits of the assumed errors in the basic variables and
the necessity for computer approximations, rms error values are
.computed by the procedures in this paper. The results give an
indication of the nature and magnitude of errors in rawinsonde evaluations.

10



SECTION 1. INTRODUCTION

Rawinsonde measured atmospheric parameters are currently
evaluated at Marshall Space Flight Center as described in Ref. 3. It
is desired to provide those using these evaluations some information
on the amount and nature of error in these evaluations for proper
consideration in analyses involving meteorological considerations.
This is of particular importance for rawinsonde values used in flight
evaluation of a Saturn or other major space vehicle.

There are many previous studies which deal with the errors in
quantities computed from rawinsonde measurements. (Some of these
are Refs. 1, 2, 4, 5, 7, 8, 9, 10, 11, 12, and 17.) The errors of
these quantities are directly dependent on the methods used in evalua-
tion of the rawinsonde data. This paper describes a computer procedure
to determine standard deviations of functions dependent on rawinsonde
measurement. This procedure will yield, at any given time or interpo-
lated altitude point, a root-mean-square error value for any quantity
which is determined by the rawinsonde evaluation program in current
use at Marshall Space Flight Center. *

The assumption that rawinsonde errors are normally distributed
is generally considered valid (Refs. 1 and 12) and must be made for

the purposes of this paper. It may then be considered that about 68.27%

of the time the real value of a quantity will not differ from the computed
quantity by more than plus or minus the corresponding standard devia-
tion, where standard deviation and root-mean-square error are
considered synonymous.

Discussion of related literature is made in this paper at the points
where it is applicable, particularly in the determination of rms values
for the basic rawinsonde measured atmospheric parameters. A
certain amount of subjectivity was inherent in this determination.

Choice of increments for use in computer approximation of partial
derivatives also involved subjective decision. W. W. Vaughan,

O. E. Smith, and C. C. Dalton provided the knowledge of and experience
with the nature of the data necessary for these decisions.

*This paper is concerned with the treatment of the random errors
in atmospheric measurement and not with bias errors.
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SECTION II. THEORY OF ROOT-MEAN-SQUARE
ERROR PROPAGATION

When f(x) is some function of the variable x, the first term in
Taylor's series is often sufficient to express the effect on f(x) of a
small error Ax in x:

Af,o 3 AL (1)
dx

The assumption that the error in f(x) varies directly as the error
in x, with the derivative of the function with respect to x as the constant
of variation, is close enough for use when Ax is sufficiently small
and/or evaluation of higher derivatives of f(x) yields very small values.

For functions of several variables, F(x, Y, ...), a multi-variable
Taylor's series may be used to obtain error expressions:

AF~Fyfx + F Ay + ... (2)

In the case where F(x, y, ...) is linear in one or more of the variables,
Eq. (2) is exact with respect to that or those variables. In this paper,
it is assumed that for those functions which are non-linear the second
and higher order derivatives are sufficiently small that Eq. (2) is a
good approximation.

When the standard deviations (root-mean-square errors) of the
variables upon which a function is based are known, the preceding
equation leads to a relation between these rms errors which yields
the variance of the function:

op? = (Fyox)? + (Fyop) + ... + 2(FxFyox0yTyy + ...). (3)

If the variables are independent, therefore having zero correlation
coefficients, the expression for rms error obviously simplifies to:
1

op = [(FX o) + (Fy oyl + .. ] : (4)

(For a more detailed discussion and derivation, see Refs. 6, 13, 15,
and 16.)
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SECTION I1I, APPLICATION OF PROPAGATION-OF-ERROR
TO COMPUTER EVALUATION OF RAWINSONDE
DATA

To determine the root-mean-square error in a given equation at a
given time or for a given interpolated height from rawinsonde input, an
expression for this equation in terms of independent variables must be
available for the application of Eq. (4) above.

In the present rawinsonde (AN/GMD-1A or B) the parameters
measured are temperature, pressure, relative humidity, and azimuth
and elevation angles. For statistical evaluations these parameters
may be considered to be independent of each other.

Propagation-of-error in the manner of Eq. (4) may be directly
applied for rms error determination of atmospheric parameters after
evaluation of the necessary partial derivatives.

A, PREVIOUS STUDIES FOR DETERMINATION OF ROOT-
MEAN-SQUARE ERRORS IN BASIC VARIABLES

1, Temperature. Temperature values at Marshall Space
Flight Center and Cape Canaveral, Florida, are obtained through use
of a ceramic thermister and are subject to error caused by such
factors as residual lag, solar radiation, calibration, recording and
human factors (Ref. 11). Studies to determine the rms error in
temperature, as with all of the basic variables, are not in complete
agreement. Reference 1 lists oy = 0.36°C from laboratory studies,
but ot = 1°C from consideration of other studies which had been
previously reported. Johannessen (Ref. 9)lists o, = 0.7°C. The Salton
Sea experimental studies (Ref. 10) found absolute errors within
0.5°C except for one of 0.7°C. The Compendium of Meteorology
(Ref. 8) lists probable error at 0.5°C, and therefore, rms error at
0.7°C. For the purposes of this paper, o; = 0.7°C is used.

2. Relative Humidity. The relative humidity measurement
is acknowledged to be the weakest link in the rawinsonde measuring
system. The currently-used element is a carbon strip. The
Compendium (Ref. 8) lists for relative humidity a probable error of a
constant 2.5% (rms error 3.7%) under ideal conditions where tempera-
ture is to -10°C, there is a humidity range of 15 to 96%, and the
element is not subjected to moisture condensations. This, however,
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is based on use of the older lithium chloride element (Ref. 10),
Experimental studies, probably using other than a carbon strip, also
found all tested elements to yield measurements accurate within +9%
of the measured value (Ref. 10). Tpy = 10% r, is used in this paper.

3. Pressure. Pressure measurements are usually obtained
by means of an aneroid capsule and errors are caused by the mechan-
ical operation of the aneroid-lever system, the commutator setting,
switching and temperature compensation. Use of a hypsometer at
altitudes > 20 km is said to yield an error of 1% of the measured
pressure value (Ref. 11). The rawinsonde used at Cape Canaveral
employs aneroid pressure elements with hypsometer used at higher
altitudes. Johannessen gives aneroid-measured pressure errors at
mathematically defined heights (Ref. 9). Using the "Reference
Atmosphere for Patrick AFB" (Ref. 14) a table of pressure errors for
aneroid measurements was decided upon, depending on the pressure at
a given reading. (Johannessen's altitudes in feet were converted to
meters and the pressure corresponding to that altitude at Patrick AFB
was supplied. The results follow as Table I.)

Table A

Assumed rms Errors in Pressure

Pressure Range _0'2
(mb) (mb)
852 < p 0.10
588 < p< 852 0.70
395< p <588 1.00
260 < p < 395 1.20
158< p< 260 1.00
95< p< 158 0.70
57< p< 95 0.55
30<p< 57 0.40
22< p< 30 0.30
14< p < 22 0.20
ps 14 0.12
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4. Azimuth and Elevation Angles. The precision of angle
measurement of the radio direction finder (AN/GMD-1A or B) must
take into account random errors due to the swinging of the rawinsonde,
dynamic errors in angle measurement at the ground, and errors
present in the angle recorder. The Compendium (Ref. 8) lists
probable error as 0.05°C. Johannessen (Ref. 9) has used this same
figure for rms error, as did Vaughan (Ref. 17). This paper also uses
Ogs Oy = 0.05° or 0.000873 radians.

B, COMPUTER APPROXIMATION OF PARTIAL DERIVATIVES

To actually compute the partial derivatives, each parameter's
equation must be broken down to expressions in the five basic variables
which are independent. This, however, is so laborious and leads to
equations of such length that the probability of introduction of human
error becomes near certainty. Computer evaluation is, therefore,
utilized for approximation of the partial derivatives of each parameter
with respect to each of the variables.

For a given parameter, F(t, ry, p, 6, §), the partial
derivative with respect to temperature at a specific temperature, t,
may be approximated:

F ~ F(t+at, vy, p, 6, §) - F(t - At, Ty, P, 0, Y) (5)
t 2At '

In like manner, by choosing Ap, Ar,, A6, and A} wisely, all partial
derivatives of a given equation may be approximated for each required
point (Ref. 15).

A different set of increments on the basic variables should be
chosen for each parameter's equation. The choice of each increment
should be based on how the equation is affected by changes in the
corresponding variable. This was not considered a feasible procedure
in programming in view of the great number of equations in the evalua-
tion report (Ref. 3) and the computer time which would be required
for trial sets of increments. Further modification of this procedure
will include attempts to determine increments more wisely. One set
of increments was subjectively chosen for use with all equations on
the basis of its apparent superiority over several other sets of incre-
ments tried. The set of increments currently used is:



At =0.05° Ap=0.5mb Ar, =13% A8, Ay = 0. 000873 radians

The computer program is so set up that the original evaluation
program (Ref. 3) computes the partial derivatives of every function in
it with respect to each variable upon which that function depends.

C. COMPUTATION AND ADJUSTMENT OF ROOT-MEAN-SQUARE
ERRORS

Equation (4) may now be utilized to give oF for any desired
function in the original evaluation program, either time- or altitude-
sequenced. The computer will have stored the partial derivatives
from Eq. (5) and the assumed rms values of basic variables as
described in Section III, A.

The intricate procedure used for smoothing position coordinates
in the original evaluation program (Ref. 3), consequently affecting all
equations dependent on position coordinates (all wind quantities), makes
it impractical to present the propagated root-mean-square error exactly
in relation to the smoothed values. It is assumed that the magnitude of
these errors is about the same as those based on unsmoothed position
coordinates. Such rms values, computed originally, appeared to have
too much small-scale variation; simple five-point running means were
taken to smooth out some of this small-scale variation.

D. TIME- AND HEIGHT-SEQUENCED DISPLAY OF ROOT-
MEAN-SQUARE ERRORS

The current computer display of rms errors does not include
all parameters from the original evaluation program (Ref. 3)., The
following parameters presented in tabular form were selected for
three reasons, any one or all of which might be applicable: 1) previous
studies concerning these might lend some subjective idea of reliability,
2) they have potential use for publications by the Aerophysics and
Astrophysics Branch, and 3) they are used in flight evaluation by other
MSF C Organizations, The tables of the computer print-out begin with
Table IV; Nos. I, II, and III are used for the tables of the original
evaluation program (Ref. 3).

16



Table IV*

Computed rms Error of Rawinsonde Data

Column Heading
1 TIME
2 HN
3 DPHI
4 YS
5 XS
6 VAS
7 TSTAR
8 ES
9 EA

Explanation

Time (min) of rawinsonde flight from
launch point

rms error in PHI, geopotential height
(geopotential meters), of Table I-A,
Column 6

rms error in layer thickness (m)

rms error in geometric height (m) of
Table I-B, Column 2

rms error in unsmoothed spherical

zonal position coordinate (m) corresponding
to Table I-B, Column 10

rms error in unsmoothed spherical
meridional coordinate (m) corresponding

to Table I-B, Column 11

rms error in virtual temperature (° K)

rms error in saturation vapor pressure

(mb)

rms error in actual vapor pressure (mb)

*When Tables I, II, and IIl are referred to in this and the
following tables, reference is being made to Ref. 3.
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Table V-A

Computed rms Error in Rawinsonde Data

Column Heading

1 Y
2 ws
3 TSTAR
4 RHO
5 RHOT
6 Us
7 Vs
8 NE
9 WXS

10 wzs

11 SIw

Explanation

Spherical coordinate referenced height (m)
at 250 m intervals above sea level

rms error in scalar wind velocity (m/sec)
of Table II-B, Column 2

rms error in virtual temperature (°K) as
computed in Ref. 3, page 5

rms error in density (kp sec? m™%)

rms error in density (kg/m?) of Table I-A,
Column 4

rms error in zonal wind component (m/sec)
of Table II-A, Column 7

rms error in meridional wind component
(m/sec) of Table II-A, Column 8

rms error in electromagnetic index of
refraction of Table I-B, Column 9

rms error in pitch wind component (m/sec)
of Table II-B, Column 4

rms error in yaw wind component (m/sec)
of Table II-B, Column 5

rms error in wind direction (deg) of
Table II-B, Column 3

18



10

Column

10

11

Table V-B

Computed rms Error of Rawinsonde Wind Data

Heading

Y

S(250)

SuU(250)

SV(250)

SX(250)

SZ(250)

S(500)

SU(500)

SV (500)

SX(500)

SZ(500)

19

Explanation

Spherical coordinate referenced height at
250 meter intervals above sea level

rms error in wind shear over 250 meter
layer of Table II-B, Column 6

rms error in zonal component of wind
shear over 250 meter layer of Table II-B,
Column 9

rms error in meridional component of wind
shear over 250 meter layer of Table II-B,
Column '10

rms error in pitch shear component over
250 meter layer of Table II-B, Column 7

rms error in yaw shear component over
250 meter layer of Table II-B, Column 8

rms error in wind shear over 500 meter
layer of Table II-C, Column 2

rms error in zonal component of wind
shear over 500 meter layer of Table II-C,
Column 3

rms error in meridional component of
wind shear over 500 meter layer of
Table II-C, Column 4

rms error in pitch shear component over
500 meter layer of Table II-E, Column 3

rms error in yaw shear component over
500 meter layer of Table II-E, Column 4



Column

10

11

11

Table V-C

Computed rms Error of Rawinsonde Wind Data

Heading

Y

S (1000)

SU (1000)

SV (1000)

SX (1000)

SZ (1000)

S (4000)

SU (4000)

SV (4000)

SX (4000)

SZ (4000)

Explanation

Spherical coordinate referenced height
at 250 m intervals above sea level

rms error in wind shear (sec™) over
1000 m layer of Table II-C, Column 5

rms error in zonal component of wind
shear (sec™!) over 1000 m layer of
Table II-C, Column 6

rms error in meridional component of
wind shear (sec™) over 1000 m layer of
Table II-C, Column 7

rms error in pitch shear component
(sec™!) over 1000 m layer of Table II-E,
Column 6

rms error in yaw shear component (sec-)
over 1000 m layer of Table II-E, Column 7

rms error in wind shear (sec™!) over
4000 m layer of Table II-D, Column 5

rms error in zonal component of wind
shear (sec™') over 4000 m layer of
Table II-D, Column 6

rms error in meridional component of
wind shear (sec™!) over 4000 m layer of

Table II-D, Column 7

rms error in pitch shear component (sec™!)
over 4000 m layer of Table II-F; Column 6

Irms error in yaw shear component (sec™)
over 4000 m layer of Table II-F, Column 7

20
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SECTION IV, ERRORS IN RAWINSONDE EVALUATIONS
AT LAUNCH TIME FOR SA-1 AND SA-2

The root-mean-square errors for temperature, pressure,
humidity, and azimuth and elevation angles were each assumed in the
manner described in Section III. From these assumed errors, and
from the nature of the functions under consideration, root-mean-square
errors have been approximated for the functions from Ref. 3 as indi-
cated in Tables IV and V. This section will include several different
types of graphic presentation of some of the computed quantities,
selected because the nature of their errors has been previously
studied, or because they are representative of those necessary to
flight evaluation studies of space vehicles such as the Saturn.

The headings of the figures describe a rawinsonde release by its
date, place, and time Greenwich referenced. To simplify the following
paragraphs, and to indicate the connection of a given rawinsonde release
time to a vehicle flight, reference will be made as follows: October 27,
1961, 1513Z, Cape Canaveral - "SA-1 t-0"; April 25, 1962, 14082,

Cape Canaveral - '"SA-2 t-0"; April 25, 1962, 161127, Cape Canaveral -
"SA-2 t+2'.

A, ROOT-MEAN-SQUARE ERRORS OF REPRESENTATIVE
THERMODYNAMIC AND WIND QUANTITIES

The magnitude of saturation vapor pressure and of saturation
vapor pressure rms error both fall with increasing time (height), as
Fig. 1 illustrates, with*SA-1 t-0 and SA-2 t-0 releases almost identical.
During the first 33 min (10 km for SA-1 t-0 and SA-2 t-0) of the
rawinsonde ascent when these values are large enough to be repre-
sented on the graph, the proportion of rms error to the evaluated
parameter is increasing, at first in a constant manner, and then
more rapidly, from 4.21% to 7.45%.

Graphic presentation of actual vapor pressure is difficult
because of its direct dependence on relative humidity. An attempt is
made, however, in Fig. 2 to show g _ versus E;. Again, a close

a

relationship is noted between SA-1 and SA-2 releases, and the relative
error remains reasonably small.
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The rms error in virtual temperature receives its largest
contribution through propagation of error from the assumed error in
temperature. The percent of rms error to the evaluated parameter
ranges from 0.25% to 0.30%. With an assumed error of 0.7°C in
temperature, values for rms error in virtual temperature range from
0.7t0 0.9°C,

Figure 3 presents rms error in density plotted against density
values for SA-1 t-0 and SA-2 t+2 rawinsonde releases. A high correla-
tion again exists between this time-sequenced data. Higher correlation
is shown in Fig. 4, however, which presents height-sequenced rms
error in density, approaching zero with increasing altitude. The
magnitude of rms error in relation to magnitude of density is small,
from 0.1 to 1. 3%.

Figure 5 presents several curves reflecting three time the
rms error in geometric height plotted against corresponding time-
sequenced geometric heights. Curve (1) reflects the relationship as
derived from the SA-1 t-0, SA-2 t-0, and SA-2 t+2 releases. There is
not sufficient difference between these to show graphically. Curve (2)
reflects three times rms error plotted against geometric height, where
the error is the contribution from pressure only, neglecting tempera-
ture and humidity. This is adapted from Johannsen's paper (Ref. 9)
through the Patrick Reference Atmosphere (Ref. 14). Curve (3) is an
adaption of three times rms height error versus pressure from Ref. 1,
by pressure-height conversion through the Patrick Reference Atmosphere
(Ref. 14). The similarity of trend between the derived curve (1) and
the AWS curve (3) is apparent, the maximum error being larger for the
AWS curve.

All rms errors pertaining to wind were multiplied by three so
that they may be more easily read when graphed to the same scale as
the quantity to which they apply. All are height-sequenced. Figure 6
pPresents wind speed and its 3¢ values for SA-1 t-0. Interpretation
indicates reasonably accurate evaluation up to 15 km height, and
doubtful evaluation as wind speeds decrease between 15 and 26 km,
and, relative to the increasing wind speeds above 26 km, more accurate
evaluation. Error analysis for wind components leads to conclusions
comparable to those for vector wind speeds.

Figures 7 through 12 present 3¢ in various wind shear values,
plotted to the same scale as the corresponding shear quantity. Somewhat

22
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the same conclusions regarding the relative accuracy of evaluation by
height levels which apply to wind speed also apply to the wind-speed-
derived wind shears, except that above 26 km the relative accuracy
does not improve so much.

Figures 7, 8, and 9 present wind shear values computed over
250 meter levels and attributed to the top of the level. Since beoth
positive and negative range and crossrange component shears occur
in Figs. 8, 9, 11, and 12, the graphing of error to the same scale is
simply for convenience, and must be applied to the positive or the
negative component as appropriate. The great amount of variation at
close levels also causes difficulty in graphic presentation of these data.
Figures 10, 11, and 12, presenting wind shear values computed over
1000 meter levels, are easier to read since they have less small-scale
variation.

B. DIFFERENCES BETWEEN ANGLE-OF-ATTACK AND
RAWINSONDE MEASURED WIND DATA

Close correlation is seen in Figs. 13 through 15 between
angle-of-attack measured and rawinsonde measured wind data, even
though differences, diverging with increasing altitude, in time and
position occur. These figures are shown in this report only for
intuitive comparison between the two systems of measurement.
Agreement for the larger scale wind shears in both amplitude and
phase between the two systems of measurement may be considered
good. Statistical comparison is difficult due to the non-normality of
wind distributions and other factors. A future Internal Note in pre-
paration by O. E. Smith will discuss these problems in some detail
(Ref. 18).
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SECTION V, CONCLUSIONS AND RECOMMENDATIONS

To the extent that the assumed rms errors in the basic variables
are correct, and considering the inaccuracies arising through computer
approximations, the rms error values computed by these procedures
give an indication of the nature and magnitude of errors in the meteoro-
logical parameters when they are evaluated by the methods of Ref. 3.
When considering rms errors in wind quantities, it should be remem-
bered that rawinsonde evaluations are generally accepted as
representative of the “steady state' winds only; therefore, the rms
errors presented in this paper are representative of the steady state
wind errors for the three particular examples. This report provides
the user with a technique for determining the steady state wind errors
for wind determined by individual rawinsonde (AN/GMD-1 system)
measurements.

Future investigation to determine a set of basic variable increments
for each function (rather than using the same set for all functions) would
greatly increase confidence in the approximation of the partial deriva-
tives required for error propagation through known rms errors in
dependent variables.

A study of many sets of data evaluated in this manner may be made
to determine if the trends apparent from these few evaluations for
certain rms errors are reliable. Further, a study of several releases
where very low elevation angles were encountered and the resulting
effect on rms errors will be made.

In describing the atmospheric environment of the Saturn SA-2,

the method of this paper was used for error in quantities computed
from rawinsonde data.

21



16

10.

11.

12.

REFERENCES
"Accuracies of Radiosonde Data,' AWS TR 105-133, September, 1955.

Arnold, Abraham, '""The Pressure-Versus-Height Relationship,
A Measurement Question, " USASRDIL Tech. Report 2165,
January, 1961.

Chenoweth, Halsey B., and Bettye Anne Busbee, '"Computer
Evaluation of Rawinsonde Data for Space Vehicle Applications, "
MTP-AERO-62-41, May 16, 1962.

Cline, Dudley E., "Error Analysis of Carbon Reference Resistors, '
Signal Corps Project Number 732M, 1 February 1955.

deJong, H. M., "Errors in Upper-Level Wind Computations, "
Journal of Meteorology, Volume 15, 1958, pp. 131-137.

Deming, W. Edwards, Statistical Adjustment of Data, John Wiley
and Sons, Inc., New York, 1948.

Ellsaesser, Hugh W., "An Investigation of the Errors in Upper-
Level Wind Forecasts,'" AWS TR 105-140/2, November, 1957,
Change A, AWSTR 105-140/1A, November, 1957.

Ference, Michael, Jr., "Instruments and Techniques for
Meteorological Measurements, ' Compendium of Meteorology,
American Meteorological Society, Boston, 1951, pp. 1207-1222.

Johannessen, Karl R., '"Accuracies of Meteorological Upper Air
Data, " Hq., AWS-DDS, A typed unpublished manuscript.

Jones, L. E., etal., ""Salton Sea Meteorological Instrumentation
Test Series, ' SC-4521(RR), January, 1961.

Leviton, R., '"Height Errors in a Rawin System, ' Geophysics
Research Directorate, Air Force Cambridge Research Center,
No. 60, December, 1954,

Rapp, R. Robert, ""The Effect of Variability and Instrumental

Error on Measurements in the Free Atmosphere,'' New York
University College of Engineering, New York, June, 1952.

2D



13,

14,

15.

16,

17,

18.

17

REFERENCES (CONT.)

Scarborough, James B,, Numerical Mathematical Analysis,
The Johns Hopkins Press, Baltimore, 1958,

Smith, Orvel E., "A Reference Atmosphere for Patrick AFB,
Florida, NASA TN D-595, March, 1961.

Taylor, Angus E., Advanced Calculus, Ginn & Company, Boston,
1955,

Tukey, John W., "The Propagation of Errors, Fluctuations and
Tolerances, " Princeton University Statistical Techniques Research
Group, TR 12, No Date.

Vaughan, William W., and Harold A. Twedten, "Survey of Upper
Air Sounding Equipment and Techniques at the Air Force Armament
Center, " AFAC-TR-56-54, October, 1956,

Hagood, Carlos C., ""Wind Determination from Onboard Vehicle
Measurements, " MSFC - Aeroballistics Internal Note 29-62,
August 22, 1962,



18

Eg
(mb)
36 T T I
t:O.lOmin}
Oct
Y;=0.00km /
7/
32 < Oct
/
4 t=0.10min
: A
/\{Ys=0.00km} Pr
28
Apr
24 /
20
t=2.00min Apr
/ Y =1.92km
16
12 /
t=9.00min Oct
Y5=7.99km
8
4 7
0
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 {mb)

O'ES
MTP-AERO-62-82
Fig. 1. rms Error in Saturation Vapor Pressure, Cape Canaveral, Florida,
October 27, 1961, 15137, and April 25, 1962, 1408Z



19

] l [

E 8.5 min (Oct)
(mb) Y

22 /
20

t=0.1min

Ys=0.00km
18

/,
A
7/
t=1.0min /
6
1 Y;=0.93km \/
7

/
14
/
t=3.0min 7
Yg=2.68km 4
[\./
12 7
]
I
10
8 7
6
t=10.0 min
Ys=8.54km
4
(Apr) r
18.5 min / !
N
2 + L
N |
i |
Iy 'I |
4, : V
0 L 4 -
0 0.2 0.4 1.0 1.2 1.4 (mb)
Humidity 20
.l Missing s

‘ IR ;‘»"H’ e - -1 MTP-AERO-62-82
‘Fig. 2. rms Error’in Actual Vapor Pressure, Cédpe ‘Candveral, Florida
October 27, 1961, 15137, and April 25, 1962, 14082

28



20

(kp sec: m™¥)

0.130

0.120

Yg=0.00(Apr

.
<,

%: 0.00 (Oct)
//

\=1510 (Apr)

0.100

0.090

0.080

0.070

| Y, =6000 (Apyy

0.060

| e—Y = 7750 (Oct)

0.050

-

0.040

\\‘
=>=—Y 4 = 12250 (Apr)

0.030

_____ s -

T —

0.020

0.0001

0.0002 0

. 0003

%

MTP-AERO-62-82

Fig. 3. rms Error in Density, Cape Canaveral, Florids,
October 27, 1961, 1513Z, and April 25, 1962, 1611Z

29

{(kp seci m™Y)



8
(m)
34000

21

32000

30000

28000

26000

24000

22000

20000

18000

16000

14000

12000

10000

8000,

6000

4000

2000

N

\LOctober 27, 1513

\

0.0001

Fig. 4.

0.0002 0.0003 (kp secim™4)

MTP-AERO-62-82
rms Error in Density Versus Geometric Height,
Cape Canaveral, Florida, October 27, 1961, 1513Z,
and April 25, 1962, 16112

“p

30



sI1011q swa ey orIjewoarn) satjeaedwo)y ‘¢ *Sig

22

s 28-29-04dV-d1lIN
Ao¢
(w) 0S¢ 00€¢ 052 007 0sT 00T 0s 0
0
(T "32¥) €€1-G0T SMV woay
($1 "19Y) 2aoydsounty 20uUa19j9y ¥O1IlRd
y3noayy pajrsauod ‘1oxirq o¢ SUrD9IIAI aAIn) (¢ 0
004
‘(6 "39yg) raded s, usssosuueyo woiy ($1 'Joy)
sraydsowiyy 20UaIdJay ¥O1Ijed ydnory
p@jaaauod ‘Ajuoc sanssaxd woI) pAINQIIIUOD
I0119 o¢ 3YS1oy orajowosd Junpoayer aaing (7]
— 000071
"ZT191 pu® Z80%1 ‘2961 ‘g2 112dy
PU® ZEIST ‘1961 ‘LZ I290350 ‘®BPLIOTA
‘rexoaruen) aden je soseoa2a jo sayneIussaxdax
‘10119 o¢ Iyd19y d>1139W088 J0 2AIND paarIag (1)
000S1T
000072
=< 00052
”~
\\\
\‘\
L7 (e)
= 0000€
(1 (w)
°x

31



23

ZEIST ‘T96T ‘L2 12G0100 ‘epuIOld ‘[EIsAvUE) adey
‘poadg puim ur Joaag o¢ pue psadg purm padusnbag ey g g

32

8
Mog pue 8y oo 29-0WIV-AIN
(w) 14 o¥ 13 0¢ 62 02 s1 o1 S 0

Iﬂ. °
=
w 000%
Av
\\N 0008
, 00021
—
= NL
- 00091
/
w
00002

Mﬂ
000%2
00082

7~ 0002¢
g€ (w)




24

ZEIST ‘1961 ‘L2 12q030Q ‘mplIold ‘TeIaAruE)) ode)
‘398 W (GZ IPAO IBAYS PUIM UT J0XIJ 0 £ PUB IBOUS PUIM paouanbog JydreH °L “S1g

Sp¢ pue g @8-29-0HAV-d1W

(+-298) %00 0¥0°0 900  2€0°0 820°0 %20°0 020°0 91070 ZI0°0  800°0  ¥00°0 0
=== 0
— b
AMW 000%
——
~t~
ﬁ'«:/, 0008
B s~ 8
AV
>
=t 00021
|||I|I\l|\v
: e 00091
ml\ ||.|.I||||.‘||.’ ‘V
- <L 00007
o e
Betet— o B — e
el Rttt S m —
- -— — 000%2
l‘\l\l-llw i
_— = 00082
Y e
— e —~ 0002€
llllmlAIDMIH\l"c.'. Po —— -
0009¢
(w)



31

n
~N
ZE1ST ‘1961 ‘L2 19q0100 ‘BpUIOld ‘TeISABUR, ade) ‘s1efe] w ggz 1010
‘reoyg puiy jueuodwo) afuey uy J0XIF 0 § pUB JBAYS pUIM auodwoy aBuey paousnbag ey ‘g ‘Srg
b ¢
Sog pue Xg 28-29-0¥IV-dIW
(1-299) $30°0 0¥%0°0 9¢0°0 2¢0°0 820°0 ¥20°'0 020°0 910°0 2100 800°0 %000 0 ¥00°0- 800°0- ZI10°0- 910°0- 020°0- %20°0- 8z0'0-
= [}
——
M MV- 000¥%
s e e E—
- —
>
0008
e — ey
s e
e S— 00021
[ N inbnl
==S|1" 7
b =14 % T T . mm.w 00091
me—t Bttt T
- e e — 00002
xe | T TF———-§
/lwb Tz
€ -
_ l.m.ﬂm\'V 000¥2
e [ et e
'''''' ==
- 00082
T _
N -
~
=t e s = e 0002¢
0009¢
()

°x



26

78181 “1961 ‘1z d19¢01n() ‘mpuliod ‘feaaascur)) ode) ‘SIofeT] W 0UZ 1340 IBAUS PUTM
Juauodwo)) sdUBISSOLD UL LOLLY 0 & pUl JBAUG puty tuouodwo)) aguedssod) pasuanbag USIOH 6 S

2g TR-Z9-OHAV~-d.LIX

og pue “g
(yP28) 2¢0°0 820°0  ¥20°0  020°0 910°0 Z10°0 8000  ¥00°0 0 $00°0- 800°0- 2ZI10°0- 910°0- 020°0- $20°0- 820°0-
0
T ———— —
[ e ——
—
- - —ee e 900F
=
i
R = —
]
_ \V
: = 0008
| - F
A;::;Vlu«
; Poia e | 00021
4 ——
H /v i
: .
w =1 —2 A
: = e = 00091
“ B e T~
\\I\\
]
 —— - 00007
———— T = ——
=TT N
S St £ 00052
~— Aﬂ
e —
. -
== 0008207
1o o
2
\VN\
— ] - 0002¢
— T S —
T A e \_zg
0009¢
()



ZETIST ‘1961 12 18q0100 ‘Bpriold ‘Tersarue) adv)
‘8184€] W 000] XIA0C IBOYS PUIM UT I0IXH Of pue 1BdYSG puim peousnbag ydteH -0y *Stg

36

< 28-29-OUAV-dLW
»¢ pue S
l1-028) 81070 910°0 ¥10°0 210°0 0100 8000 9000 ¥00°0 2000 0
—pr————————0
—— .
e ———— t
.JVI /.
1 All\\\
\\V
P— }
— 0008
— s
e
h"
<
+ 00021
E——— = . L ="
— = =l Soc/
= 00091
——y—
=l
T ———— 00002
—— \\\lIWUl
—— _—— 000¥2
A
hpir=
——d T —
o — “““ — p————
————— 00082
|||||
S
—
y— = 0002¢€
~s ] T = aememem e e _ ]
0009¢
()
L]



28

7eTICT ‘1961 ‘L2 I0¢01d0) ‘EplIOld ‘[BidAruR)) adv) ‘saade] w gOOT JDA0 JEAUS PUTM

jusuodwo)) afury UL 041 OF PUT 18AUS PUIM Wakodwo) adury paduanboag 1Y31LH

RS
“Sp¢ pue Xg 28-29-0HAv-d LI
(4-928) ¥10°0 Z10°0  010°C  800°0 900°0  $00°0  200°0 0 200°0-  ¥00°0- 900°0- 800°0- 0T0°0- 2100~ ¥I0'0- 91070, Eooo-
h.J’ '"
A\J. 000%
1 p,
b
—
S
— | 0008
l/. \\\A m
,‘ ——
AV
,VI\u 00021
JN\ f———
—— - h\l\\\
pae - Iml —_— 00091
R e
—= 00002
Tx T T e L
o/ s — \wnmbm 000%2
3
Jo = E— HJ}IT 00087
e 0007¢
S A B = §
0009¢€
()
-3



(m)
22000

20000

18000

16000

14000

12000

10000

8000

6000

4000

2000

w
=
| i - o . Angle of Attack
" ) | D e -
j \ Rawinsonde
,., , m ! j
i N H
| I S |
—- . = : N A | —_—
; | | ! | E——
i , ; : W —— B
b e — —t - : : + - -
: : [
| | | | =t
e Pl - - ” —
” | ﬁ i
! | '
i ! :
t
T
i {
I | 1
i i )
f
|
\ i
i
o J
o] 2 3 8 10 14 16 18 20 22 24 26 28 30 32 34 (m/sec)
MTP-AERO-62-82 w
Fig, 13. Height Sequenced Wind Speeds from SA-2 Angle-of -Attack

Measurements and from Rawinsonde Data

33



M«w
(m)
36000
£ 5z llflJ,.\u,uMmWIIIl
32000 —= — —
l\\uu\iv
e—————— A\\\l\
28000 S et
K’l
— ﬂHIi
Bam—
24000 B
——— I"I.I,AV"
20000 I
||||.u' A\\.
= -~
16000 III..;I\.‘ = —
1/\.. - T ———
< s
i
12000 pros
—— ,,J
8000 S
\\
” \.
|
400
0 /. R
O ‘ — m b o
-0.010 -0.008 -0.006 -0.004 -0.002 0 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018 (sec™)
S_ and 3¢
2z
MTP-AERO-62-82
ror in Crossrange Component
October 27, 1961, 15132

Fig. 12, Height Sequenced Crossrange Component Wind Shear and 3¢ Er
Wind Shear over 1000 m Layers, Cape Canaveral, Florida,

S

z

N
el

oy
)



(m)
22000

20000

18000

16000

14000

12000

10000

8000

6000

4000

2000

31

R
=
e
==
<""""—_ﬁ—
\uﬁ‘i :Raw}msonde
'<_\

\)-‘kz::i

“~=Angle of Attack

|

-8

0 4 8

Height Sequenced Range Component Wind Speeds from SA-2
Angle-of-Attack Measurements and from Rawinsonde Data

12

ié

20

24

28 (m/sec)
Wy

‘MTP-AERO-62-82

40



z
M

{oes )

9

¥

B} PPUOSULMEY WOL] PUB SIUIWIINEEIW NorNY-jo-o 18UV
2-vs wolj spaads purm jusuodutony a3uerssoI) peduanbag wBey
28-29-0¥dV-dLN

(1] g

‘g1 313

21- ¥1-

91-

8t-

0z~

0002

000%

0009

ooog

00001

00021

000¥1

spuosuimey—"

- . B 7
JoeRY jo S13uy

00091

00081

00002

32

!

00022
()

41



33

APPROVAL

ROOT-MEAN-SQUARE ERROR ANALYSIS FOR EQUATIONS IN
RAWINSONDE EVALUATION PROGRAM

The information in this report has been reviewed for security
classification. Review of any information concerning Department of
Defense or Atomic Energy Commission programs has been made by
the MSF C Security Classification Officer. This report, in its entirety,

has been determined to be unclassified.

Chief, Terrestrial Environment Section
Aerophysics & Astrophysics Branch

%W @

William W. Vaugh
Chief, Aerophysics & Astrophysics Branch

[P,

E. D. Geissler
Director, Aeroballistics Division




34

DISTRIBUTION

INTERNAL

Office of Director
Deputy Dir R&D

Computation Division
Director
Mr. W. Moore (3)
Mr. P. Harness
Mr. W. Howard

Launch Operations Directorate
Director
Dr. H. Gurene
Dr. A. Knothe
Col. A. Gibbs

Mr. T. Hershey
Mr. K. Sendler
Mr. D. Collins
Mr. A. Taiani
Mr. T. Poppel
Mr. R. Heiser

Maj. R. Petrone
Dr. R. Bruns

Astrionics Division

Director

Mr. C. McMahen
Mr. H. Hosenthein
Mr. H. Mink

Mr. E. Noel

Mr. J. Stroud
Mr. J. Blackstone
Mr. L. Bell

Propulsion & Vehicle Engineering Division
Director
Mr. G. Kroll
Mr. B. Heusinger
Mr. H. Paul



DISTRIBUTION

INTERNAL (CONT,)

Propulsion & Vehicle Engineering Division (Cont.)

Mr. C. Hoffman

Mr, E, Goerner

Mr. H. Palaoro

Mr. G. Pedigo

Mr. R, Hunt

Mr. J. Sterett

Mr. H. Connell

Research Projects Division
Director
Dr. Johnson

Light & Medium Vehicles Office
Director

Test Division
Director
Dr. W. Sieber
Mr, D. Driscoll
Mr. C. Thornton (3)

Future Projects Office
Director

Saturn Systems Office
Director
Dr. J. Kuettner
Mr. R. Lindstrom
Mr. J. Unger
Mr. E. Field
Mr., J. Bramlet

35



36

DISTRIBUTION

INTERNAL (CONT.)

Aeroballistics Division

Director

Dr. R. Hoelker
Mr. W. Dahm
Mr. H. Horn

Mr. T. Reed

Mr. L. Stone

Dr. F. Speer

Mr. J. Sheats
Mr. W. Clarke
Mr. R. Ryan

Mr. H. Wilson
Mr. C. Fulmer
Mr. J. Lindberg
Mr. W, W. Vaughan
Mr. C. Dalton
Mr. O. Smith (10)
Mr. J. Smith

Mr. C. Collins
Mr. J. Scoggins
Mr. H. Baussus
Dr. W. Heybey
Mr. H. Euler
Mrzr., P, Wasko
Mzr. P. Larsen
Mr. E. Linsley
Mr. J. Golmon
Mr. R. Teague
Mr. O. C. Jean
Mr. R. Cummings
Mr. O. Holderer
Mr. L. Schnieder
Mr. E. Tucker
Mr. W. Miner
Mr. G. Daniels
Mr. R. Turner
Mr. E. Braunlich
Mrs. B. Case (25)

(3)

M-QUAL

Mr. S. Peck

M-MS-IP

M-MS-IPL

M-MS-H.

M-HME-P

M-PAT

(8)



DISTRIBUTION

EXTERNAL

NASA Headquarters

Federal Office Building Number 6
Washington 25, D. C.

Attn: Technical Information Division (2)

Attn: Office of Applications
Director
Dr. Tepper
Mr, Wm. Spreen

Attn: Office of Advanced Research & Technology
Director (2)
Mr. Rhode

Attn: Office of Space Science
Director

Attn: Office of Space Flight Programs
Director (2)
Mr. M. W. Rosen
Mr. G. M. Low

NASA
Manned Space Craft Center
Houston, Texas
Attn: Director (3)
Mr. D. Cheatham -
Mr. Thompson
Mr. B. Chereek

NASA
Goddard Space Flight Center
Greenbelt, Maryland
Attn: Director (2)
Dr. Nordberg

37



DISTRIBUTION

EXTERNAL (CONT.)

NASA
Langley Research Center
Langley Field, Virginia
Attn: Director (2)
Mr. Harry Runyan
Mr. Tolefson

NASA
Wallops Station
Wallops Island, Virginia
Attn: Director
Mr. J. Spurling (2)

Mr. Richard Martin
CONVAIR /General Dynamics
San Diego, California

Mr. Clyde D. Martin

Space & Information Division
North American Aviation, Inc.
Downey, California

Lockheed Aircraft Corporation
Missiles & Space Division
Sunnyvale, California
Attn: Mr. Ledolph Baer

Dr. Boccius

Mr. B. N. Charles
Boeing Airplane Company
Aero-Space Division

P. O. Box 3707

Seattle 24, Washington

Mr. Clement Schmid
Structure Branch
Aeronautical System Division
Flight Dynamics Laboratory
Wright Patterson AFB, Ohio

Halsey B. Chenoweth
6471 Citadel Drive
Huntington Beach, California

Mr. Wesley Irvin (2)
United States Weather Bureau
O & SF Division

2400 M Street, NW,
Washington, D. C.

NASA

Ames Research Center
Moffett Field, California
Attn: Director (2)

NASA

Lewis Research Center
Cleveland, Ohio

Attn: Director (2)

NASA

Jet Propulsion Laboratory
Pasadena, California
Attn: Director (2)

NASA

Flight Research Center
Edwards, California
Attn: Director (2)

Pan American Range Meteorologist

Pan American World Airways

Patrick Air Force Base, Florida

Attn: Mr. Gerald Finger
Mr. O. H. Daniels



DISTRIBUTION
EXTERNAL (CONT.)

Pacific Missile Range

Point Mugu, California

Attn: Mr., John Masterson
Code 3101-1.1

Lt. Col. Peter Romo, Commander
Detachment 11, 4th Weather Group
Base Weather Station

Patrick Air Force Base, Florida

Dr. H. aufm Kampe

U. S. Army Signal R&D Laboratory
Meteorological Division

Fort Monmouth, New Jersey

Dr. O. Essenwanger
AOMC Research Laboratory
Redstone Arsenal, Alabama

Air Force Cambridge Research Laboratories
Meteorological Development Laboratory (CRZWD)
1065 Main Street
Waltham 54, Massachusetts
Attn: Mr. Norman Sissenwine

Dr. Arnold Court

Mr. Robert Leviton

Mr. Sol Lutwak

Head, Criteria & Loads Section
Space Technology Laboratories, Inc.
One Space Park

Redondo Beach, California

U. S. Weather Bureau
Washington 25, D. C.
Attn: Mr. Kenneth M. Nagler
Dr. Landsberg
Mr. Vaughn Rockney



40

DISTRIBUTION
EXTERNAL (CONT.)

Harvey J. Sorenson (2)
Major, USAF

Chief, AFBMD
Huntsville, Alabama

Major William Gommel
Headquarters DCAS (DCLW)
AF Unit Post Office

Los Angeles 45, California

Mr. Ernest Ammon
NASA Space Task Group
Cape Canaveral, Florida

Northrop Corporation

Norair Division

Eng. Test Lab., R&D Section
1011 E. Broadway
Hawthorne, California

Attn: Mr. T. McCoy

Douglas Aircraft Company
Missiles and Space System Eng.
3000 Ocean Park Blvd.

Santa Monica, California

Scientific and Technical Information Facility (2)
Attn: NASA Representative (S-AK/RKT)

P. O. Box 5700

Bethesda, Maryland



